How drastic changes in selective regimes affect trait evolution is an important open biological question. 21
subsequently evolve primarily via genetic drift and mutation instead of selection (van der Kool & 65 Schwander 2014). These expectations have been evaluated with respect to sexual signaling in bush 66 crickets (Lehmann et al. 2007 ) and wasps (Pannebakker et al. 2005) , sperm-storage organs and 67 fertilization success of males produced by otherwise all-female asexual lineages in stick insects 68 (Schwander et al. 2013) , and sperm formation in oribatid mites (Taberly 1988; Maraun 2003; Heethoff 69 2007) . While these studies indicate that transitions to asexuality often but not always (e.g. Lehmann et 70 al. 2007 ) underlie sex-specific trait degeneration, the conclusions that can be drawn are limited by the 71 inability to directly compare the sexual and asexual forms (e.g., sexuals and asexuals are allopatric, are 72 not closely related, or the asexuals are hybrids). 73
How sperm and seminal fluid proteins evolve under relaxed selection is of particularly broad interest 74 because these traits are among the most important mediators of fertilization, sperm competition, sexual 75 conflict, and speciation (Swanson & Vacquier 2002) . Accordingly, characterizing sperm evolution in the 76 context of asexuality will provide a rare glimpse into the consequences of instantaneous shifts in 77 selection for traits that are usually critically important determinants of evolutionary trajectories. 78
There are two major barriers facing the characterization of the evolution of sperm and related traits in 79 an asexual background. First, obligately asexual lineages derived from dioecious taxa are typically all or 80 nearly all females (e.g., Gottlieb & Zchori-Fein 2001; Schon et al. 2009; Neiman et al. 2012) . Second, 81 even if male asexuals exist, powerful and rigorous characterization of how relaxed selection influences 82 sperm evolution requires the direct comparisons that can only come from sperm produced by 83 ecologically and phenotypically similar males from closely related sexual lineages. Perhaps because 84 many asexual taxa are either of hybrid origin or do not have close sexual relatives (reviewed in Neiman 85 We are able to overcome both of these barriers by taking advantage of the occasional production of 87 male offspring by obligately asexual Potamopyrgus antipodarum (Neiman et al. 2012 ). This New Zealand 88 freshwater snail provides a powerful means of directly evaluating the impact of shifts in reproductive 89 mode because otherwise similar obligately sexual and obligately asexual snails regularly coexist in 90 natural populations, enabling direct comparisons between sexual and asexual individuals, genomes, and 91 populations. Asexual P. antipodarum are the product of multiple separate transitions from sexual 92 ancestors, allowing us to treat distinct asexual lineages as replicated experiments into asexuality 93 (Neiman et al. 2011; Paczesniak et al. 2013) . What makes P. antipodarum particularly well suited for this 94 study is that asexual female lineages occasionally (~1.5% of all offspring, depending on the asexual 95 lineage involved; Neiman et al. 2012) produce males, perhaps via loss of sex chromosomes during 96 oogenesis (Soper et al. 2013) . We leverage this unusual phenomenon to characterize morphological 97 variation of sperm in sexually vs. asexually produced males, with the expectation that the latter have 98 experienced a relatively recent history of relaxed selection on male-specific traits and genes. Based on 99 this logic, we predict that the sperm produced by asexual males will harbor more variation and be more 100 likely to be abnormal than sperm from their sexual counterparts. 101 16C room with a 16:8-hr light:dark cycle and fed dried Spirulina algae ad libitum (following Zachar & 110 Neiman 2013). We focused our search for asexual males in lineages that had been previously 111 characterized as relatively likely to harbor asexual males (Neiman et al. 2012) . We also emphasized 112 asexual lineages descended from lake populations that population genetic studies (Paczesniak et al. 113 2013) demonstrated harbor asexual subpopulations that represent separate in situ transitions from 114 sexual to asexual reproduction. For the sexual males, we used field collections from lakes that were 115 known to contain relatively high frequencies (>10-20%) of sexual males (Neiman et al. 2011). 116 We identified males by sexing each individual from each field collection (N = 1370 snails) or lineage (N = 117 4505 snails) that was large enough (>/=3mm shell length) to have reached sexual maturity (e.g., Larkin 118 et al. 2016 ). Sexual P. antipodarum are diploid and asexuals are either triploid or tetraploid (Neiman et 119 al. 2011 ), allowing us to use comparisons between triploid and tetraploid-produced sperm to at least in 120 part control for effects of asexuality vs. ploidy elevation on sperm phenotype. We used a Becton 121
Dickinson ARIA II flow cytometer on dissected head tissue (following Bankers et al. 2017) to assign ploidy 122 (diploid, triploid, tetraploid) and, thus, reproductive mode (diploid = sexual; triploid, tetraploid = 123 asexual) to each male. The overall incidence of males in asexual lineages was ~1% (59/5875), and 124 asexual lineages varied in the relative frequency of male production (Supp Table 1 ). Both observations 125 are consistent with a similar survey in Neiman et al. (2012) . Because our goal was to replicate males 126 three times within each asexual lineage that we used, we excluded 35 males that either represented a antipodarum sample represents seven male sets (each from a different field collection), triploid P. 134 antipodarum are represented by six male sets (each from a different asexual lineage and lake of origin), 135 and tetraploid P. antipodarum are represented by two male sets (from two different asexual lineages, 136 each from a different lake), for a total of 15 P. antipodarum sets and 45 males ( Figure 1) . 137
We provided a separate control for nuclear DNA content, which can have major influences on sperm 138 phenotype (Alavi et al. 2013 
Sperm extraction and imaging 146
We used forceps to extract the bodies of male snails from their shells and then dissected away the 147 sperm duct, which transports sperm and seminal fluid from the testis to the penis. We centered the 148 sperm duct tissue on a glass microscope slide and added ~5µl of DAPI staining solution (following Soper 149 et al. 2013 ). We used repeated pipetting of this solution to release sperm from the ruptured duct and 150 distribute the sperm across the slide. We then mounted the slide on an Olympus IX71 fluorescence 151 microscope and used the DAPI filter to locate the fluorescent sperm heads and the polarized filter to 152 photograph sperm for subsequent analysis. We arbitrarily selected and then photographed a minimum 153 of 12 whole sperm cells for every male. We excluded sperm cells that were entangled with other sperm 154 or were obscured by non-sperm cellular detritus. We used sperm from at least three males (one male
Phenotype measurements 157
We imported photographs into ImageJ (Rueden et al. 2017) and measured head length (HL; head tip to 158 head base), head width (HW; width at midpoint of head), head circumference (HC; perimeter of head), 159 and tail length (TL; length from head base to tail end) for each sperm cell. We also used Mahalanobis 160 distance (MD; distance between a distribution and a focal point) to provide a multi-dimensional 161 generalization that represents a composite of all four of the sperm traits that we measured (De 162 Maesschalck et al. 2000) . Finally, we used our consistent observations of a number of qualitatively 163 distinct phenotypic classes of sperm abnormalities to sort sperm into "normal" (most common 164 phenotype of smooth cylindrical head and smooth tail of consistent width; 79% of all sperm) vs. one of 165 six "abnormal" ultrastructural categories: >1 tail, distorted neck, oblong head, tail bump, two heads, 166 wrinkled head (e.g., Menkveld et al. 1990 ). This approach allows us to distinguish large-scale differences 167 in complex sperm morphology that might not be evident from our measurements of individual sperm 168 traits. 169
Statistical analyses 170
We used a RAxML tree generated from Illumina whole-genome sequencing data from 26 P. antipodarum 171 (10 sexual individuals, 16 asexual individuals (11 triploid and 5 tetraploid)) to provide a phylogenetic 172 framework needed to control for potential effects of phylogenetic relationship on sperm phenotype 173 (Supp Figure 1 ). This tree also demonstrates that we have likely captured a broad sample of sexual and 174 asexual P. antipodarum genetic diversity, including a number of separately derived asexual lineages. We 175 used this tree in Phylosignal (Keck et al. 2016), an R package that tests for phylogenetic signal, to assess 176 whether sperm morphology was determined at least in part by shared ancestry. We attached mean trait 177 values for each of the sperm traits measured below to a subsampled phylogenetic tree, which 9 of evidence for a predominant effect of source population on P. antipodarum genotype, e.g., we sampled males (i.e., sets with both genetic data and sperm measurements). We did not find any 182 significant phylogenetic correlations underlying these sperm traits (Supp Figure 2) . Together, the 183 outcome of these analyses indicate that phylogenetic relatedness is not a main driver of variation in 184 sperm morphology. We also used hierarchical clustering of sperm morphology data to produce a 185 cladogram that we used to assess whether phylogenetic relatedness is the primary driver of across-186 lineage/lake sperm variation (Figure 2, Supp Figure 3 ). 187
We applied ANOVA and MANOVA models to evaluate how lake/lineage of origin affected each of the 188 four individual sperm traits that we measured (HL, HW, HC, TL) along with the composite MD trait. We 189 first used M/ANOVA for the trait values estimated for each set to assess whether the three different 190 males within each set varied in sperm morphology. We then applied M/ANOVA to groupings of diploid, 191 triploid, and tetraploid P. antipodarum to evaluate whether ploidy affects sperm morphology. Finally, 192 we used an unpaired t-test to compare means for sexual and asexual P. antipodarum sperm traits to 193 assess the effect of reproductive mode on sperm morphology. Prior to each of the M/ANOVA analyses, 194
we used a Shapiro-Wilk test applying a Bonferroni-corrected threshold p-value of 0.0026 to account for 195 multiple comparisons (19 within-set comparisons per each of the 95 Shapiro-Wilk tests) for each of the 196 five traits to evaluate whether the data met the assumption of a normal distribution. For the 35 tests 197 that violated this assumption, we applied a Box-Cox transformation to attempt to achieve normality, 198 which was successful in 14 cases. For the 21 cases that still violated normality assumptions, we used 199
Kruskal-Wallis tests to compare population medians. We then used principal component analysis (PCA) 200 to visualize among-species (P. antipodarum, P. estuarinus, H. pupoides) differences that maximize 201 variance for the four multidimensional sperm trait values in order to detect species-specific differences. 202
Finally, we used Linear Discriminate Analysis (LDA) by grouping diploid, triploid, and tetraploid P. 203 antipodarum into predefined classes. This analysis minimizes within-ploidy variance and maximizes 204 across-ploidy variance to find linear combinations of variables that best explain the data. We used this 205 analysis to assess how differing ploidy level translates to differences in sperm morphology. All statistical 206 analyses were implemented in R 3.4.1 (R Core Team 2013) or SPSS 24.0 (IBM Corp. 2016) 207
Results 208
We evaluated a total of 750 sperm from each of 57 male snails (21 diploid sexuals, 18 triploid asexuals, 209 six tetraploid asexuals, nine P. estuarinus, three H. pupoides (Figure 1 ). representing 12 lakes and three 210 estuaries of origin as well as three species. Because we did not find any asexual male in field collections 211 despite evaluating >380 field-collected male P. antipodarum from eight lake populations, we had to 212 compare field-collected sexual individuals to laboratory-reared asexual males. While we cannot formerly 213 exclude the possibility that these differences in rearing environment between sexually and asexually 214 produced males could influence sperm production, we felt that it was important to only use field-215 collected sexual males because of the distinct possibility that the inbreeding that is a necessary 216 component of lab culture of sexual lineages of these snails would influence snail phenotype in a manner 217 that does not reflect natural variation. Because asexual P. antipodarum reproduce via apomictic 218 parthenogenesis (Phillips & Lambert 1998) , inbreeding, and inbreeding depression, is not a concern for 219 laboratory-reared asexuals. Because male-specific traits that are encoded in the genomes of asexual 220 lineages presumably experience weak or even no selection, we also believe that it is unlikely -though 221 not impossible -that laboratory-imposed selection would affect these male traits in a manner that is 222 qualitatively different than male traits harbored in asexual lineages in the field. 223
Our analyses revealed extensive qualitative (Supp Figure 4 ) and quantitative variation (Supp Table 2 ) in 224 sperm morphology. Multi-dimensional hierarchical clustering of primary sperm traits (HL, HW, HC, and 225 TL) suggested that reproductive mode (vs. ploidy or shared phylogenetic history) is the primary driver of sperm morphology in P. antipodarum (Figure 2, Supp Figure 3 ). This conclusion is bolstered by the fact 227 that diploid sexual P. antipodarum sperm clustered with the two diploid sexual outgroup species instead 228 of with the asexual polyploid conspecifics. 229
Sperm morphology is primarily driven by reproductive mode 230
We used comparisons across the three ploidy levels represented by P. antipodarum and sperm from the 231 diploid outgroup species P. estuarinus and H. pupoides to account for effects of nuclear genome DNA 232 content on sperm morphology. That nuclear genome DNA content per se is not the sole driver of sperm 233 morphology in these snails is demonstrated by our findings that 1) sperm produced by H. pupoides and 234 P. estuarinus, which seem to share the same relatively small nuclear DNA content, were nevertheless 235 morphologically distinct (Figure 2, Supp Figure 5) , 2) head width and tail length were statistically 236 indistinguishable between triploid and tetraploid P. antipodarum (Supp Figure 6) , 3) the CV for triploid 237 and tetraploid P. antipodarum is statistically indistinguishable for all traits except tail length (Supp Figure  238 7) and 4) different ploidies overlap in morphometric space (Figure 3 ). We did detect some evidence for 239 ploidy effects on sperm trait means and variances: the LDA revealed ploidy-based clustering (Figure 3) , 240 and the ANOVA demonstrated a main effect of ploidy on all sperm traits (Supp Table 2 B ). Our CV-based 241 analyses indicated that sperm produced by diploid male P. antipodarum harbors significantly lower 242 variance (e.g., HL mean = 4.48µm, SD = 0.17) than sperm produced by triploid (HL mean = 5.29µm, SD = 243 0.44) and tetraploid (HL mean = 5.99µm, SD = 0.38) males (Supp Figure 7) . 244
Asexual P. antipodarum often produce abnormal sperm 245
Visual inspection of P. antipodarum sperm revealed substantial variation. Most (N=429; 76%) of these 246 sperm had an overtly normal phenotype, represented by a smooth and cylindrical head and a flagellum 247 of consistent width from the neck to tip (Supp Figure 4 A) . We sorted the most common deviations we 248 observed from this normal phenotype into six discrete categories that emerged during our imaging and 249 analysis stages: >1 tail (3.5% of all sperm), distorted neck (2.5%), oblong head (1.5%), tail bump (10%), 250 two heads (1%), and wrinkled head (6.5%) (see Supp Figure 4 B-D). There was markedly higher incidence 251 of abnormal sperm produced by triploid (N=95; 43% of all triploid sperm) and tetraploid (N=24; 27%) P. 252 antipodarum relative to the sperm produced by diploid male P. antipodarum (N=16; 6%) (Fisher's exact 253 test p = < 0.001) (Figure 4) . Misshapen heads were the only abnormality shared across all three ploidies, 254 while the most common abnormality, tail bump, is restricted to triploid asexual P. antipodarum. 255
Among-and within-species variation in sperm morphology 256
We used a principal component analysis to visualize and compare multivariate sperm phenotypes across 257 sexual P. antipodarum and the two closely related sexual outgroup species. This analysis revealed a 258 distinct species-level signal, with no overlap between the clusters of sperm data corresponding to each 259 species (Supp Figure 5) . Our ANOVA and MANOVA analyses demonstrated statistically significant 260 differences in each of the five sperm traits amongst these three species (HL: p = 0.0005, HW: p = 0.001, 261 HC: p = 0.01, TL: p = 7.6e-08, MD: p = 4.5e-13). 262
We used a MANOVA to address whether there was intraspecific (individual level) variation 263 within each of the 45 P. antipodarum male sets. This analysis revealed significant across-male variation 264 within four diploid and four triploid sets (Supp Table 2 ). Sperm tail length was the trait most often 265 variable across sets (5/19 populations), and sperm head circumference was the least likely to feature 266 across-set variation (1/19). The MD analyses revealed only two cases of significant within-population 267 variation (asexual Haupiri and asexual Brunner). The CV analyses indicated that sperm head length and 268 head circumference are the least variable traits and head width and tail length are the most variable 269 traits across all P. antipodarum sperm (Supp Figure 8) . 270
We used the powerful Potamopyrgus antipodarum system to perform a direct comparison of male-273 specific traits across otherwise similar males that differ in ploidy level and reproductive mode. We found 274 evidence for a major effect of sexual vs. asexual reproduction on sperm morphology, with sperm 275 produced by asexual males harboring substantially more variation and much more likely to feature 276 large-scale structural abnormalities. That a substantial fraction of asexual-produced sperm is abnormal 277 is consistent with a scenario where male-specific traits are no longer useful in an asexual lineage. We 278 also used comparisons between the three different P. antipodarum ploidies and three different diploid 279 sexual taxa included in our study to assess the extent to which increased nuclear genome DNA content 280 in the asexual P. antipodarum, versus asexuality per se, might affect sperm morphology. That asexual-281 produced sperm are generally larger, and that these size differences to some extent scale with ploidy 282 (Supp Figure 6) is consistent with this possibility. Even so, the significant differences in sperm trait values 283 Our study is especially novel in comparing sperm phenotypes across reproductive modes as well as 287 ploidy level, allowing us to at least in part decouple effects of polyploidy from those of asexuality. We 288 can draw parallels and contrasts with other ploidy-focused sperm studies: Alavi et al. (2013) showed 289 that tetraploid European weatherfish (Misgurnus fossilis) produce sperm that are 4.8% larger than 290 sperm produced by their triploid counterparts, and Flajshans et al. (2008) found that triploid male 291 Prussian carp (Carassius gibelio) make sperm with larger volume than sperm generated by diploid and 292 tetraploid males. Considered together along with these two earlier studies, we can use our results to 293 conclude that nuclear genome DNA content is not the sole driver of the patterns we observed. Our 294 study is especially novel in allowing us to compare both across different ploidy levels as well as among 295 lineages with different nuclear genome content but the same ploidy level. We were also able to exclude 296 a major role of phylogeny in driving any of the patterns that our analyses revealed. Together, 297 comparisons provide a powerful means of disentangling effects of reproductive mode from nuclear 298 genome DNA content from ploidy elevation. 299
The abnormal phenotypes that often characterized sperm from asexual male P. antipodarum do appear 300 to be affected in part by ploidy: sperm from triploid asexual males spanned a wider range of abnormal 301 phenotypes and were more than twice as likely to be abnormal than sperm from tetraploid 302 counterparts. Cytogenetic characterization of some components of spermatogenesis in diploid sexual vs. The morphologically distinct and often abnormal sperm produced by asexual P. antipodarum could also 309 be at least in part a consequence of mutation accumulation in the genes underlying sperm production, 310 which are expected to be under relaxed selection in all (or nearly all)-female asexual populations 311 (Schurko & Logsdon 2008; Lahti et al. 2009 ). Under this scenario, genes that influence sperm traits in 312 asexuals should be accumulating mutations at a higher rate than sexuals. This mutation accumulation 313 process would be evidenced by the degeneration and eventual pseudogenization of genes and traits 314 related to sperm function in asexual populations. 315
Our discovery that asexual-produced sperm harbor more morphological variation and are more likely to 316 be abnormal than sexually produced sperm is consistent with this expectation. The fact that the male 317 offspring occasionally produced by female asexual P. antipodarum are still investing in sperm suggests 318 that the time period over which the genes underlying sperm production have been subject to relaxed 319 selection is relatively short and/or that selection favoring the loss of this trait is weak. The latter would 320 not be surprising in light of the fact that male production is quite rare (~<1.5% of all offspring) in asexual 321 P. antipodarum. A powerful test of the former could come from comparisons of males produced by 322 different asexual P. antipodarum lineages, which are often recently derived (Paczesniak et al. 2013 ) but 323 also vary in the time since derivation from sexual P. antipodarum (Neiman et al. 2005) . If time since 324 derivation to asexuality is a key determinant of the extent of male trait degeneration, we predict that 325 males from older asexual lineages should tend to produce sperm that harbors relatively high variance 326
and is abnormal at a higher frequency than sperm produced by males from younger asexual lineages. 327
While we cannot formally exclude the possibility that ploidy elevation per se is a major driver of sperm 328 abnormality, the fact that diploid male sexual P. antipodarum produce normal sperm at a similar 329 frequency to the two outgroup species suggests that nuclear genome DNA content alone does not 330 account for the high frequency of sperm abnormalities observed in asexual male P. antipodarum. The 331 wide sperm phenotype variation that we observed across asexual males also hints at a process (i.e. 332 mutation accumulation) that is stochastic compared to a direct consequence of ploidy elevation. . Schematic representing our experimental design, which included sperm from 57 individual males (each male represented by small colored boxes) from three different species, two reproductive modes, three ploidy levels, 12 lakes, and three estuaries. We characterized at least 12 sperm per male and three males per set, for a total of at least 36 sperm per set. Each set is represented by the boxed lake of origin and three small colored boxes representing the three males in the set. P. est = P. estuarinus from three different New Zealand estuaries (CC = Waikuku Beach; Hutt = Hutt River, NZ; Fox = Foxton). H. pupoides was collected from Waikuku Beach. 
